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Nanocrystalline  TiN  Processing  and  Properties 

With  careful  powder  handling  procedures  and  processing,  the  nanocrystalline  TiN  powders  produced 
in  our  novel  reactor  undergo  tremendous  sintering  and  densification  to  produce  dense  (99%)  TiN  materials 
at  1400  °C  in  a  simple,  pressureless  sintering  process  [1].  This  quarter's  efforts  continued  our  work  on  the 
evaluation  of  these  nanostructured  TiN  materials  in  two  main  areas  [2].  The  first  area  was  the 
determination  of  mechanical  properties  of  these  materials,  while  the  second  focus  was  on  benchmarking 
these  properties,  and  the  processing  required  to  achieve  them,  against  other  TiN  materials  reported  in  the 
literature. 

Data  on  hardness  and  fracture  toughness  was  collected  via  Vickers  hardness  testing  (LECO 
DM400).  Testing  was  conducted  on  polished  samples  at  20  °C  with  loads  of  0.5  -  3  N  and  deformation 
times  of  15  seconds.  Data  represent  averaged  values  for  10-15  indentations.  The  fracture  toughness  was 
also  assessed  via  microhardness  indentation  testing.  From  the  idea  that  the  size  of  indentation  cracks  can 
be  used  to  quantify  toughness,  Eqn,  1  was  developed  [3]: 


K,  =  0.016  ±  0.004  [U  (1) 

where  Kc  is  the  fracture  toughness,  E  is  Young's  modulus,  H  is  the  hardness  as  determined  during  the 
Vickers  hardness  test,  P  is  the  peak  load  during  the  test  and  Cq  is  the  radial  crack  dimension.  A  literature 
value  for  E  in  TiN  of  470  MPa  was  used  for  these  experiments  [4].  The  nanostructured  TiN  materials 
processed  via  the  pressureless  sintering  process  described  in  previous  reports  [1]  had  a  hardness  value  of 
23.2  ±1.9  GPa  and  a  Kc  fracture  toughness  of  4.0  ±  0.2  MPa  m*^. 

In  order  to  facilitate  comparison  of  the  processing  and  property  results  in  our  TiN  materials.  Table  1 
was  prepared.  Materials  in  that  table  are  ranked  by  decreasing  hardness.  Because  of  different  processing 
and  measurement  techniques,  it  should  be  noted  that  for  all  the  hardness  and  grain  size  comparisons  shown 
in  the  table,  small  differences  in  values  are  likely  not  significant.  However,  at  the  same  time,  it  should  be 
noted  that  our  result  is  among  the  very  highest  values  reported  for  this  parameter  in  TiN  and  is  certainly 
higher  than  that  observed  in  the  conventionally  sintered  or  hot-pressed  conventional  materials. 
Additionally,  these  hardness  values  were  achieved  in  a  pressureless  sintering  process  without  the  use  of 
applied  pressure  or  sintering  additives. 

The  values  of  Hy,  in  Table  1  for  TiN  materials  which  are  near  full  density  and  don’t  have  some 
other  interfering  issue  such  as  the  11.8  at%  metals  in  Ogino’s  materials  [16],  can  be  plotted  versus  the 
inverse  square  root  of  grain  size  as  shown  in  Figure  1.  The  data  point  for  our  nano-TiN  materials  is  shown 
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as  an  oval  in  Figure  1.  This  plot  indicates  that  TiN  shows  an  increasing  hardness  (H)  with  decreasing  grain 
size  (G)  as  described  by: 

H  =  H„  +  kG-^^  (2) 

Down  to  a  certain  grain  size  this  effect  is  observed  for  a  majority  of  nanocrystalline  metals  and 
intermetallic  compounds  [18-20],  but  demonstrated  instances  of  this  behavior  in  nanocrystalline  nitride 
ceramics  are  rare  due  to  the  difficulty  in  maintaining  a  fine  grain  size  in  a  fully  dense  material  This  same 
behavior  has  also  been  noted  in  nanocrystalline  TiOi  [21].  Additionally,  Averback  et  al  found  for  Ti02,  as 
we  did  for  TiN,  that  the  of  their  dense  nanocrystalline  ceramic  was  about  equal  to  that  in  the  single 
crystal  of  the  same  material  [21]. 

The  effect  of  grain  size  on  fracture  strength,  and  thus  hardness,  in  ceramics  has  generally  been 
interpreted  in  terms  of  a  dependence 


o  =  fiG-^'^)  (3) 

where  a  is  the  fracture  strength  and  G  the  grain  size  [22,23].  Davidge  and  Evans  suggest  that  the  strength 
of  a  ceramic  may  be  controlled  by  either  the  stress  to  propagate  inherent  flaws  or  the  stress  to  nucleate 
and/or  propagate  flaws  formed  during  a  plastic  deformation  process  [22].  Thus,  there  are  two  regions  for 
the  variation  of  fracture  strength  with  grain  size,  both  of  which  show  a  G‘*^  dependence.  At  larger  grain 
sizes,  fracture  is  initiated  at  inherent  flaws  with  a  dependence 
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where  C  is  the  inherent  flaw  or  crack  length  [22].  This  flaw  size  C  is  related  to  microstructural  features 
such  as  the  pore  or  grain  size.  In  fact,  it  has  been  shown  in  fully  dense  MgO  that  C  «  G^’®  [22];  thus,  in 
this  first  region  (Region  I),  fracture  occurs  by  the  extension  of  inherent  flaws  and  G'^^.  At  finer  grain 
sizes,  dislocations  may  pile  up  against  a  stable  barrier,  such  as  a  grain  boundary,  and  a  large  stress 
concentration  is  generated  in  the  vicinity  of  these  dislocations.  If  this  stress  is  not  relieved  by  plastic  flow, 
cracks  may  be  initiated  at  the  pile-up.  The  shear  stress  T  is  given  by 


T  =  To  + 


(5) 


where  is  the  dislocation  flow  stress,  is  a  term  that  depends  on  the  effective  surface  energy  for  localized 
crack  initiation  and  L  is  the  length  of  the  pile-up  [22].  In  this  second  region  (Region  II),  with  the  grain 
boundary  acting  as  a  dislocation  source,  the  minimum  value  for  the  crack  initiation  stress  is  obtained  with  L 
-  G.  Thus,  in  Region  II  at  finer  grain  sizes,  where  fracture  is  initiated  by  plastic  flow,  again,  cr«  G'^^. 
Carniglia  [23]  has  shown  that  strength/grain  size  data  for  various  ceramics,  including  AI2O3,  BeO  and 
MgO,  follow  this  type  of  two-stage  behavior  as  outlined  by  Davidge  and  Evans  [22].  The  classic  model  of 
Hall-Petch  fracture  is  based  on  the  same  ideas  of  plastic  deformation  of  grains  and  the  pile-up  of 
dislocations  at  grain  boundaries  outlined  for  Region  II;  however,  the  Fetch  model  does  not  incorporate  the 
concept  of  a  pre-existing  flaw  or  crack  [24]. 

Given  that  dislocations  are  seldom  observed  in  nanostructured  ceramics  [19]  and  the  fact  that 
dislocations  in  brittle  ceramics  are  relatively  immobile  at  low  temperatures  even  when  present  [25],  it 
would  appear  that  the  hardness  improvement  observed  in  our  nano-TiN  is  not  due  to  “Region  II,”  or 
classical  Hall-Petch,  plastic  deformation/dislocation  fracture.  Additionally,  Averback  et  al,  while  stating 
that  the  reasons  for  their  observed  Hall-Petch-like  behavior  in  nano-Ti02  are  “presently  unclear,”  do  note 
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that  dislocations  are  unlikely  to  be  involved  for  grain  sizes  below  400  nm  [21],  Thus,  it  seems  most 
probable  that  the  increased  hardness  for  TiN  with  decreasing  grain  size,  over  the  grain  size  range  outlined 
above,  is  due  to  reductions  in  the  inherent  flaw  sizes  (Region  I  behavior)  with  reductions  in  the  particle  and 
grain  sizes  of  our  materials. 

The  fracture  toughness  values  are  comparable  to  those  reported  in  other  dense  TiN  materials.  No 
dependence  on,  or  benefit  from,  a  nanostructure  is  expected  for  fracture  toughness  values.  For  instance,  in 
fully  dense  Ti02,  when  the  grain  size  was  less  than  500  nm,  the  fracture  toughness  was  independent  of 
grain  size  and  similar  to  that  found  in  single  crystal  Ti02  [19].  Thus,  it  is  not  surprising  that  the  Kc  values 
reported  here  for  our  nanostructured  TiN  (4.0  MPa  m  '^)  materials  fall  within  the  range  of  other  values  (3.5 

-  4.3  MPa  m  ^  [12,26])  for  TiN  described  in  the  literature. 

Summary 

The  processing  scheme  we  have  developed  for  our  nano-TIN  powders  generated  a  dense, 
nanostructured  TiN  material,  with  final  grain  sizes  of  ~140  nm,  through  a  pressureless  sintering  process 
emphasizing  improved  powder  handling  procedures.  These  fine-grained  materials  have  values  of  (23.2 
GPa)  which  are  among  the  highest  recorded  in  the  literature  for  TiN.  These  sintering  and  property  results 
are  particularly  noteworthy  in  comparison  to  those  noted  previously  in  the  literature  due  to  the  complicated 
processing  conditions  required  by  other  researchers  utilizing  lower  quality  starting  powders. 
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TABLE  1:  Comparison  of  Processing  Routes  and  Properties  of  TiN 
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